Abstract
Introduction
In the driving system of the variable frequency air condition compressor, the PMSM gets an extremely wide range of industrial applications [1] [2] [3] with its unique high efficiency, high power factor and high power density. As a well-known PMSM magnetic material, the advantage of high magnetic density of the rare earth neodymium iron boron (hereinafter referred to as the Nd-Fe-B) makes it of great significance [4] [5] in the practical application in the compressor with demanding requirements of the motor's volume. However, in consideration of the long-time working of the air condition compressor system under high temperature, it will easily cause the overheating phenomenon in the PMSM. In view of the significant change of the field density of Nd-Fe-B with the change of the environment temperature, it makes the high volatility in the rotor flux under the environment of high temperature, and causes the deterioration [6] [7] [8] in the performance of the PMSM output torque under the same current situation [9, 10] . This paper proposes an optimization method of the self-tuning MTPA of the robust for the parameter dependency problem exists in the MTPA control for the speed control system of the traditional PMSM. By overlapping a small high frequency sinusoidal signal on the vector angle of the stator current, the digital signal processing is adopted to extract the power signal to reflect the change rule of the torque, and the PI regulator is locked for the best vector angle of the stator current. In addition, the inner current regulator compensates the dynamic response performance of the robust MTPA. Finally, the dynamic and steady-state performance of the robust MTPA proposed is experimentally verified by the experimental prototype of a 22kw PMSM HEV system and the result PMSM speed control system overview is shown in Figure 1 , for the three-phrase ideal symmetric PMSM system, the influence of the stator resistance is neglected and the following electromagnetic torque equation under the two-phase rotating dq coordinate system is established:
In the formula: T e is the electromagnetic torque of the motor; n p is the pole-pairs of the motor; Ψ m is the flux linkage of the permanent magnet; i d and i q are the stator current on the axle dq ; L d and L q are the inductance on the axle dq .
Set that vector of the current vector i dq and q axis is in the β angle, by this time the current component under the coordinate system of dq is 
In the formula: idq is the space vector on the axle dq; im is the amplitude of the stator current. Enter the formula (2) into the torque equation of the formula (1) and get
Mtpa Optimal Trajectory
Assume that the amplitude i m of the stator current in the formula (3) is a fixed value, and we can see that the electromagnetic torque of the motor is only related with the included angle β. In order to confirm the extreme point of the formula (5), the differential operation with β as the variable is
Change the short form (6) and get
Neglect the influence of the stator resistance drop of the PMSM, and by this time the current and amplitude limits are
We can see that the key to realize MTPA is how to reasonably allocate the proportion of the current i d and i q to realize the maximum electromagnetic torque output of PMSM. The function of the torque angle β in ideal conditions is given in formula (5). It is an advanced and complex function composed by the L d and L q as well as the rotor flux ψ m . The torque angles get by the second order polynomial fitting method are mostly adopted in the practical engineering application.
Operating Principle of the MTPA for Robust's Self-Tuning
In consideration of the rapid change in aspects of load and temperature occurred during the running process of the HEV system, great changes appear in different operating positions for the system parameters L d , L q and ψ m , and it makes the operating position deviate from the position of MTPA. The variation of current vector angle β and torque Te is shown in Figure 2 , thereinto the β MTPA is the curve tangent point of the constant torque, and by this time dT e /dβ=0; in case β>β MTPA , then dT e /dβ<0; in contrary, in case β<β MTP , then dT e /dβ>0. Thus whether the motor is operating on the optimal point of MTPA can be confirmed through detecting that whether the value of the dT e /dβ is zero, without relying on the complex PMSM mathematical model with sensitive parameters.
For the torque value which is hard to measure or calculate in the practical application, it proposes a method to get the dTe/dβ based on the high frequency auxiliary signal injection method in this paper, so as to realize the optimal MTPA trajectory tracking for
In the formula: β avg is the average value of the voltage vector angle; β h is the vector angle of the high frequency fluctuation; A mag and f h are the amplitude and frequency of the vector angle of the high frequency fluctuation, thereinto the A mag must be small enough (compared with the practical running current of PMSM) for the purpose that the influence on the speed control may be neglected and the f h must be bigger than the width of the speed loop and far smaller than the switching frequency (5kHz) of the inverter. Thus the high-frequency signal A mag =0.05A and f h =300Hz are injected.
Due to the function of the high-frequency injected signal, corresponding changes occur on the current, voltage, power and other variables of PMSM, thereinto the relationship between the mechanical power of the motor P mech and the torque T e is as follow
In the formula: T e (β) and P mech (β) are the corresponding electromagnetic torque and mechanical power of the current vector angle β; ω r is the rotor angular velocity.
In order to understand the idea of the high-frequency injection, the Taylor series decomposition is made on the torque equation and it gets     2 ee
In the formula: Δβ is the fluctuation value of the current vector angle; ∂T e /∂ is the partial differential calculation of the torque.
In consideration of the small amplitude of the high-frequency signal injected and that the frequency is large enough, the control and regulation of the speed loop will not be affected, and the items with second order or above in formula (10) 
In the formula: P e is the electromagnetic input power of the motor; ω h is the angular frequency high frequency signal.
We can see from the abovementioned formula that if the high frequency auxiliary signal injection method is adopted, the MTPA of PMSM could be realized. Thus, for the power after injecting the high-frequency signal, after a series of signal processing, the response of the mechanical power on the signal injected is extracted, and this response signal just could reflect the changes of the value of dT e /dβ. Then the controller is applied to maintain the dT e /dβ as zero so as to lock the optimal stator vector angel β, and realize the MTPA control of the PMSM.
High-Frequency Control System Design
It is the PMSM based on high-frequency signal injection MTPA overall control block diagram in Figure 3 . It adopts the basic method of high frequency auxiliary signal (8) injection to overlap a small high-frequency signal component on the stator current vector angle for testing the mechanical power response caused by the high-frequency signal injected through digital signal processing, and acquiring the set value of the current vector angle to realize the operation of MTPA through designing an automatic regulation mechanism. In addition, one high-frequency current signal control loop is increased and different control methods are applied for the fundamental wave signal and high-frequency signal. In this chapter, the high-frequency power signal processing and the high-frequency current controller design will be discussed in detail. 
In the formula: I s is the current vector amplitude; i df and i qf are the high-frequency current component on the axle dq.
The electromagnetic input power of the motor includes copper loss, active power and mechanical power, in consideration of the high-frequency signal injected, they can be expressed respectively as   e copper reactive mech
In the formula: P cooper is the copper loss of the motor; P reactive is the active power; P mech is the mechanical power. As shown in Figure 4 , in order to extract the component of the signal frequency injected from the tested power, firstly the direct component and harmonic component
74
Copyright ⓒ 2015 SERSC shall be filtered from the electromagnetic power signal through a band-pass filter with f h as the center frequency. The signal obtained is multiplied with the last unit sinusoidal signal with the same frequency of the signal injected, finally it gets through a low pass filter which is much less than f h in the cut-off frequency, and get the direct component P o which is directly proportional to dT e /dβ after filtering the high-frequency component 
By this time, the result P o of the power signal processing procedure is controlled as zero by introducing the PI regulator to ensure that the dT e /dβ is zero, namely to find the tangent point of the power curve, lock the optimal current vector angle β opt , and the motor is operating under the state of MTPA is guaranteed accordingly.
Design ot the High Frequency Current Controller

Fundamental current control loop
Harmonic current control loop
Figure 5. High Frequency Current Signal Control Loop
As the MTPA control method adopted is to monitor the input power's response to the injected signal frequency, the change of the power shall only be influenced and generated by the injected signal. However, in practice, the power may be changed due to the influence of many factors, such as changed to variable speed operation, torque disturbance and varying load. In order to extract the power and the variation of the signal injected from other changes, the frequency of the signal injected shall be as high as possible. Generally speaking, it will reach a few hundred hertz. For this point, a special high-frequency current signal control loop is designed in this paper to improve the response of the current inner loop, and its control is shown in Figure 5 .
We can see from Figure 5 that for the fundamental frequency current loop, it applies the common PI control, while for the high-frequency current loop, firstly the components of the injected signal frequency shall be extracted from the feedback current. Namely, the ratio control is made for the difference value through a second order bandpass filter with an value ratio of K p , and the transfer function of the system could be expressed as 
In the formula: L and R are the stator and other equivalent resistance of PMSM; ζ is the damping ratio. The Bode plots for the High-frequency current control loop are shown in Figure 6 . It can be seen from Figure 6 that in the target frequency of 500Hz, the system's gain is 0dB and the phase shift is 0 degree. Thereinto the impact of the value of ζ is small. According to the principle of automatic control, the smaller the value of ζ is, the steeper the curve in Figure 7 will be, and the K p is generally taken for more than ten times of the high-frequency impedance value.
It Suppose that the high-frequency zero sequence voltage overlapped for the bridge arm is v z , the high-frequency multi-phase circulation overlapped on phase a is i pza , by this time the current and voltage of the phase a bridge arm are respectively: 
By this time, the output instantaneous power on the upper and lower bridge arms of phase are respectively: pa pa pa 1 2 3 na na na 1 2 3
In the formula: P 1 ,P 2 and P 3 are respectively:
It can be seen from the formula (18) that after the high-frequency components vz and ipza are overlapped, P2 and P3 will only contain the high-frequency components, while PI still contains the low-frequency components. If the bridge arm power only contains high-frequency components, the low-frequency components in P1 should be eliminated or make it equal to 0. Make P1 = 0, use the product to sum characteristics of the sine function, the components of the high-frequency components vzipza which are in the equal size and converse symbols with the low-frequency component Vdcia [1 - 
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Copyright ⓒ 2015 SERSC (omega t) / 4] of PI by product to sum operation, and the influence of the high-frequency components could be offset. The multi-phase circulation ipza is:
The expression of the high-frequency zero sequence voltage is set as
In the formula: V z is the zero sequence voltage peak, and ω is the zero sequence voltage angular frequency.
When applying CPS-SPWM for modulation for MMC, the phase voltage peak and the zero sequence voltage peak shall meet:
It can be seen from formula (22) 
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In order to verify the feasibility and effectiveness of robust MTPA method of air condition compressor based on the high-frequency signal injection, the experimental platform of the speed control system for 22 kw PMSM as shown in Figure 7 is established, and the main parameters of the mentioned experiment platform are given in Table 1 . The core algorithm in the experiment is the DSP of TI Company in model TMS320F2812, and its major task is to complete the core algorithm of robust MTPA operation, system communication and other functions; Coprocessors are FPGA and CPLD in model Xilinx, there into FPGA is mainly for the functions of AD sampling, data storage and other functions, and CPLD is mainly for the functions of PWM state detection, dead-time compensation, pulse inhibit and other functions. The parameters of the experimental platform and simulation parameters are the same. The variables required for observation in the experiment is observed with the Agilent MSO6054A oscilloscope after the D/A output in the control panel, the sample data is imported into the computer with the sampling frequency of 100 kHz and the Matlab software is applied for the graphical output. 
Experiment Results and Analysis
The robust self-tuning MTPA general control features is shown in Figure 8 and the motor is controlled with the rated speed of 600r/min. During the stage of t=[0~0.05s], the PMSM is accelerated from 0r/min to 600r/min. During this stage, in order to get a max. torque output, the current amplitude i m reaches the allowed max. current amplitude, namely i m =i max =40A; during the stage of t=[0.05~0.1s], the PMSM is under the positive load operation, by this time the MTPA regulator is injected with high frequency to rapidly complete the closed-loop tracking, lock the optimal current vector angle β, and complete the reasonable distribution of i d =-15A and i q =32A for the axles d and q. The time consumed is about 5ms during the dynamic tuning procedure for the whole MTPA, and the rapid response (about 2ms) of the PMSM electromagnetic torque T e is ensured. During the stage of t=[0.1~0.2s], PMSM gradually enters into the reverse loading stage. With the change of the load torque, the self-adaptive tuning could be effectively available for the exciting current i d , and PMSM is operating on the optimal track of MTPA all the time during this procedure. The comparison results of MTPA optimization method injected with high frequency. The current vector is operating in the optimal track of MTPA all the time during the whole speed control system, and the current vector of the motor does not exceed the max allowed current loop. In addition, the current track of the dynamic switching procedure of the PMSM speed control system is extremely sparse, thus the dynamic response procedure of the system is extremely rapid, and the whole system is often under stable operation status. The efficiency comparison of the driving system for the air condition compressor under two control methods of MTPA injected with high frequency and i d =0. It can be seen that the MTPA method under rated speed effectively reduces the amplitude of the stator current, and makes the PMSM driving system optimized in aspects of conduction loss, switch loss, DC filter capacitor loss as well as copper loss of the motor. It reduces most significantly the copper loss which is the most intimate with the stator current, and the comprehensive operating efficiency of the system also increases from 91.6% to 97.4%.
Conclusion
Aiming at the parameter dependency problem exists in the MTPA control of the traditional PMSM speed regulating system, an optimization method for robust self-tuning efficiency is proposed, the high-frequency power signal processing is made, the high-frequency current controller is designed and the experimental prototype of the speed regulating system for 22kW PMSM is built for the method validation in this paper. The following conclusions can be reached: 1) the traditional MTPA method requires to solve an advanced and complex function composed by the inductance Ld and Lq as well as the rotor flux ψm, and it exists a severe parameter dependency problem. 2) The robust MTPA method makes use of the internal relation between the current vector angle and the change rule of the torque dTe/dt, build the closed-loop control system of the current vector angle β, and the PMSM speed control system is equipped with strong robustness and high efficiency.
